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List  of  Symbols  (one  "ig.  6  ) 


't^Tvro  dimensional  lift  coefficient,  spoiler  off* 

<r  Two  dimensional  coefficient  of  moment  about  the  aerodynamic  center, 
^Spoiler  off. 

&CX  L  ift  coefficient  increment  due  to  aerodynamic  effects  of  the  spoiler. 

-  Moment  coefficient  increment  due  to  the  aerodynamic  effects  of 
the  spoiler. 

Lift  coefficient  increment  due  to  the  momentum  contribution  of  the 
“  W  s  nolle  r. 

Moment  coefficient  increment  due  to  the  momentum  contribution  of 
the  spoiler 

instance  alon:  the  profile  chord  lino  from  the  leading  edge  to  the 
X  center  of  the  3poiler  slot  expressed  as  a  fraction  of  the  total 
chord. 

V;  Flow  velocity  in  the  spoiler  slot,  ft. /sec. 
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Angle  of  the  spoiler  slot  with  respect  to  the  profile  chord  line, 
in  decrees. 

Flap  angle  in  decrees, 
ingle  of  attack  in  degrees. 

5  Section  area  in  square  feet. 

Cp  Static  pressure/q^. 

C  Profile  chord  in  feet. 

Flap  chord,  measured  along  its  chord  line,  in  feet. 

\4  Vt  ?ree  stream  velocity  in  ft, /sec. 

2 

r» .  Test  section  dynamic  pressure  in  Ibs./ft. 

IT 

Slot  dynamic  pressure  in  Ibs./ft.^ 

Mow  density  in  slugs/ft.  ^ 

2 

Viscosity  coefficient  in  lb. -sec. /ft. 

TJ;  Teat  section  temperature  in  °F® 

Model  chamber  temperature  in  °F« 
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flow  through  the  clot,  in  Ib*:,/s«c 
Acceleration  of  '’rarity  in  f’t./sec‘>. 

Two  dimensional  slope  of  lift  curve,  p»r 
Quantity  ♦’low  coefficient  through  slot. 
Momentum  flow  coefficient  through  slot. 
Spoiler  efficiency  (  ) 
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j  Jet  conditions 
rpf>  Model  conditions 
"t  Test  section  conditions 
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Two  dimensional  s«del  tests  of  an  'IkCA  2301?  airfoil  equipped  with  a 
jet  spoiler  and  various  flaps  wore:  conducted  in  the  2"  x  36”  smoke  tunnel 
(smoke  line  studies),  and  in  the  1*  x  )i’  throat  of  the  instructional  tunnel 
(pressure  distribution  studies)*  These  tests  precede  three  dimensional 
force  tests,  flight  tests  of  an  L-21  airplane,  and  design  studies.  In 
anticipation  of  this  work,  the  data  herein  was  compiled  to  establish  the 
most  effective  jet  spoiler  configuration  for  the  light  liason  plane,  but  it 
Is  felt,  that  this  control  has  possible  application  to  heavy,  high  speed 
aircraft. 

Specifically,  the  influence  of  various  parameters  on  the  lift  reduction 
only  wore  studied.  The  major  variables  in  the  problem  were  isolated  in  turn, 
and  it  was  found  that  the  major  one3  are  £/*  >  ®  ,  X  ,  and  of  •  For 

the  NAC A  2301?  equipped  with  a  ,2?e  single  slotted  flap,  a  configuration 
which  approximates  that  found  on  most  liason  airplanes, optimum  effectiveness 
for  an  angle  of  attack  range  of  0  to  15°  was  achieved  for  0  *  60°,  X  ■  #6£, 

The  spoiler  was  tested  over  a  variety  of  flaps,  and  it  was  found  that 
performance  over  single  slotted,  double  slotted,  and  plain  types  is  promising, 
lift  coefficient  reductions  of  ,8  being  reached  at  a  C^a  of  ,1® 

Effectiveness  of  the  control  over  a  plain  wing  was  found  to  be  slightly 
greater  than  this,  a  &  C%  of  -,9  reached  at  the  same  blowing  quantity. 

Using  this  data,  preliminary  calculations  for  the  L-21  airplane  show  that  a 
Plfcy  of  ,0?  can  be  developed  using  a  blowing  system  capable  of  reaching 
a  Cf  of  ,0b.  Since  this  figure  is  small  compared  to  the  blowing  quantities 
for  most  high  li  ft  blowing  systems,  it  is  possible  that  the  jet  spoiler  can 
bo  rhuKrcprmvfod  practically  into  circulation  or  boundary  layer  control  airplane. 
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A  brief  check  proved  the  pitching  moment  to  change  little  with  blowing. 
It  was  found  that  Jet  reaction  accounted  f*or  roughly  l(Xo  of  the  lift 
re  duct  ion  6  Sufficient  data  is  p^scnted  to  predict  accurately 
lift  reductions  due  to  the  jet  spoiler  over  a  wide  ran»e  of  practical 
installations  with  particular  emphasis  on  a  .2 5c  slotted  flap. 
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Gunvnt,  interest.  in.  STnT.  and  V'TOL  machines  stems  from  the  versatility 
of  lias on,  transport,  and  reconnaissance  aircraft  capable  of  operatin'1;  from 
small,  rough  fields,  yet  able  to  reach  high  cruising  speeds,.  Unfortunately, 
the  simple  aileron  as  a  solution  to  the  lateral  control  nroblem  finds 
practical  application  in  only  a  small  part  of  this  enlarged  speed  range,  At 
lower  speeds,  ailerons  occupy  valuable  space  at  the  trailing  edge  of  the  wine;, 
yet  have  very  little  control  power.  At  high  flight  velocities,  aerodynamic 
flutter  and  control  reversal  due  to  wing  twist  become  severe  problems,  while 
the  high  control  forces  demand  heavy'  power  systems.  The  desirability  of 
powerful,  responsive  lateral  control  near  the  minimum  3 peed  of  aircraft 
havin’;  "ull  span  high-lift  devices,  together  with  the  high  speed  considerations, 
necessitates  investigation  of  entirely  new  forms  of  control. 

P’COPQSgD  ’bUTUODS  0  ACniKVI’ir.  LA'fF/dAI,  CONTROL 
ON  HIGH  I.I-T  AIRPLANES 
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Flpi»e  A  displays  several  lateral  control  systems  now  under  consideration 
for  Pi gl\  .lift  airplanes .  Although  the  increasing  interest  in  the  ducted  fan 
suggests  methods  utilizing  vanes  :in  Uie  slipstream  and  variable  propeller 
rp<a,  the  designs  pictured  represent  the  most  obvious  solutions  for 
conventional  one  or  two  engine  light  liason  aircraft® 

Conventional  ailerons  can  be  retained,  yet  full  span  flaps  realised,  in 
a  system  employing  some  BLC  to  reattach  the  flow  t-o  the  wing.  This 
arrangement  (1)  uses  ailerons  acting  differentially  from  a  drooped  position  at 
low  speeds,  with  blowing  over  the  full  length  of  the  flaps  and  ailerons* 

Since  the  control  derives  most  of  its  power  from  the  H.ow  over  the  flap,  loss 
of  the  high  blowing  quantity  required  produces  almost  total  loss  of  control, 
and  constitutes  a  definite  hazard  at  low  altitudes* 

The  mechanical  spoiler  has  found  considerable  application  to  high  speed 
aircraft  due  to  favorable  aero-elastic  effects  on  the  wing,  low  hinge 
moments,  favorable  yawing  action,  and  adequate  control  po’-rer.  However, 
response  is  often  sluggish,  control  effectiveness  generally  falls  off  near  the 
stall,  and  satisfactory  overall  performance  is  usually  achieved  at  the  expense 
of  mechanical  complexity  and  weight  sacrifices*  Finally,  for  a  low  flying 
pier.©,  lateral  control  at  the  expense  of  a  net  loss  in  lift  constitutes  a 
possible  flying  hazard* 

If  high  lift  at  low  speeds  is  achieved  by  means  of  deflection  of  the 
propeller  slipstream,  differential  movement  of  flaps  immersed  in  the  flow  is 
an  attractive  means  of  lateral  control  (,3)»  The  response  of  such  a  system 
regains  to  be  tested,  however,  and  there  would  most  certainly  be  large 


adverse  yawing  moments. 

Vi i<  ylvjf-;  the-  thrust  of  tljs 
ivrjpnnso  is  doubtful ,  mid 


The  latter  problem  can  be  overcome  by  differentially 


propellers  in  a  two  engine  machine,  but  once  again 
TKJ.U'bt-  [Hill?. 'I  in :i;  IHIVJV-  1>  ‘  eiJCpnCtfid*, 
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A  final  system  (h)  i-asortn  entirely  to  Jet  reaction  for  control  moment, 
u  system  which  mi'dit  have  so>«n  merit  for  aircraft  hairing  a  lew  polar  moment 
of  inertia  about  the  1  ongitudinni  axis,  especially  if  hovering  flight  is 
achieved.  Obviously  the  flow  quantities  required  would  he  largo,  and  for  a 
small  craft  designed  to  STOL  requirements,  it  appears  that  such  a  system 
would  not  only  be  too  heavy  but  also  overlooks  the  control  power  mad© 
available  by  fluid  flow  over  the  wing. 


most  of  then  attempting  to  solve  each  of  the  several  important  problems 
involved  in  slow  flight  control  with  a  modification  of  one  of  these  basic 
types.  These  fundamental  considerations  can  be  summarized  as  follows t 
Cl)  Control  should  be  retained  up  to  the  minimum  speed  achieved  with  any 
high  lift  devices  employed, 

(2)  Control  should  be  available  in  the  event  of  power  failure  of  any  blowing 
systems  used, 

(3)  Control  should  be  adequate  over  full  span  flaps,  as  well  as  over  a 
plain  wing  in  cruising  flight, 

(li)  The  weight  and  mechanical  complexity  of  the  system  must  be  held  to  a 
minimum, 

(5)  For  low  level  aircraft,  a  net  loss  in  lift  for  purposes  of  control  is 
highly  undesirable. 


(6)  The  system  must  be  capable  of  high  rolling  moments  at  low  flight  velocity, 
pV£v  is  not  the  true  measure  of  lateral  control  response  at  low  V  *, 


The  jet  spoiler  has  been  suggested  as  a  means  overcoming  a  great  many 


control  problem  at  the  uX&roimsS  of  taw 


flight  spectrum  of  current  operational 


aircraft.  At  high  supersonic  speeds,  advocates  feel  that  high  wave  drug  duo 


'tit  i?i  probable  that  the  nccelem 

vosponse  *-v;  \/  -  ■»»  »  ”3  , 


Hun  of  roll,  is  the  true  tent  of  control 


>  1  !,'T  i  i>*:'  *  r/v  i. 

h. 


to  control  nan  bn  minimi sed,  end  the  wln~  need  not.  be  weakened  by  the 

existence  of  ailerons  on  the  trailing  mlrf,  At  very  low  speeds,  moreover, 

the  induced  separation  magnifies  the  momentum  effect  of  the  jet®  because 

of  the  1cm  power  required  for  the  system,  emergency  operation  on  ram  air  alone 

can  be  foreseen,  ( Ref,  ( 18 )  describes  such  an  erne r coney  system).  Use  of  the 

spoiler  with  P*L(5  blowing  on  the  win"  or  jet  circulation  control  could,  if 

designed  carefully,  result  in  a  highly  powerful  system  capable  of  controlling 

without  a  net  loss  of  lift.  This  combined  system  would  most  certainly  be 

lighter  and  less  complicated  that  the  BLC  unit  plus  a  control  device 

operating  on  a  fundamentally  different  principal.  It  is  with  these 

possibilities  in  mind  that  this  study  of  the  two-dimensional  characteristics 

of  the  jet  spoilor  was  undertaken. 
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II.  PRRVIOTTS  JUT  SRITLKil  tV’KSTHiATTONS 

On  the  basis  of  References  and  22,  it  can  be  stated  that  the  Jet 
spoiler  is  not  a  completely  new  device,  however,  it  is  only  with  the 
advent  of  circulation  control  systems  using  high  velocity  blowing  that 
serious  consideration  has  been  given  to  the  device  for  a  completely 
integrated  control  system.  Several  investigators  have  recognised  the 
advantages  of  an  air  Jet  as  a  means  of  both  decreasing  lift  and  increasing 
drag,  but  on  the  basis  of  the  information  available  to  the  authors,  the 
experimentation  on  the  subject  to  date  has  been  of  an  exploratory  nature  only* 
Recent  studies  conducted  at  the  David  Taylor  *fodel  Basin  (Ref,  19) 

•were  quits  promising,  a  high  velocity  Jet  being  applied  to  an  NACA  6UA010 
section.  Three  dimensional  tests  by  Lowry  and  'Aimer  (Ref®  18)  confirm  the 
possibility  of  utilising  ram  air  for  emergency  operation  of  the  spoiler, 

Work  in  the  field  first  began  at  Forres tal  Research  Center  in  195h, 
when  studies  of  a  jet  spoiler  on  an  TJSAF  358  airfoil  were  initiated.  After 
the  major  parameters  were  investigated,  work  was  begun  to  equip  an  L-21 
airplane  with  a  blowing  slot  in  the  vicinity  of  the  aileron  on  the  right 
wing  panel®  Preliminary  rolling  tests  (Ref®  16)  .and  pressure  distribution 
studies  (Ref®  17)  established  the  unique  and  promising  aspects  of  the  device, 
though  tlie  power  of  the  system  was  not  sufficient  to  equal  the  performance  of 
fully  deflected  ailerons. 

On  the  basis  of  these  investigations,  a  more  general  study  was  felt 
•necessary  before  tho  full  capabilities  of  the  jot  spoiler  could  be  realised 
on  aircraft,  beginning  with  a  complete  study  of  tho  two  dimensional 
ci  in  xw.  ter  3.  s  tics  * 
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Initial  tests  were  performed  in  the  2"  x  36”  smoke  tunnel  at  Forreatal 
Research  Center  ( Fi.is.  1  and  8),  A  variety  of  flap  con.fi ^rations  on  the 
NA.GA.  23015  airfoil  were  tested,  an  effort  was  ,riade  to  determine  the  optimum 
slot  position  and  blowing  an^le,  and  the  influence  of  an^le  of  attack,  flap 
an^le,  and  flap  chord  on  the  lift  fall  off,  — .  Lift  coefficient* 
were  measured  by  the  slipstream  deflection  method  ( Ref.  13)  and  comparison 
of  this  data  with  that  of  succeeding  tests  indicates  that  the  method  fpLves 
reasonably  accurate  results.  The  momentum  coefficients  were  determined  from 
an  orifice  plate  How  meter  assuming  incompressible  flow.  It  is  estimated 
that  a  maximum  error  of  h%  is  introduced  into  the  C/u  calculations  by 
this  assumption.  These  tests  were  run  at  &  Reynolds’  number  of 

s  V J 

a  pn  fox  i  irately  2,5  x  10’, 

In  the  second  phase  of  testing,  pressure  distributions  over  an  NA.CA  23015 
airfoil  with  a  ,25c  slotted  flap  -  ere  measured  for  several  slot  angles  and 
positions,  the  test  facility  be  inf?  the  two  dimensional  throat  of  the 
instructional  tunnel  at  vorr©stal  Research  Center  (Fift.  9).  The  pressure 
distribution  was  indicated  by  a  multiple  manometer  and  photographed,  Cf, 
was  measured  by  an  orifice  plate  flow  meter  together  with  total  head  and  static 
pressure  taps  at  the  slot*  Since  those  pressures  were  also  recorded  on 
film,  all  readings  were  taken  at  the  sane  instant*  The  pressures  were  plotted 
and  into  fluted  graphically,  the  flap  pressures  bein^  plotted  on  the  horizontal 
reference  linn «  This  necessitated  that  a  correction  factor  for  flap 
define  Mon  be  applied  to  the  Map  contribution  to  j  ift*  u'ov  the  pressure* 
distribution  test lie  normal  force  was  used  in  doterriintnu  the  lift 
coef  fi f3:b:nt*  Tompex-a  turns  recorded  ter  density  tu  tew  hi  teax  were  u^as-ured  by 
iter u)i  icon})  tes  and  a  ’iL^nteioiM*  Hi  ilpr,  The  eowntete  teal,  v!  *  is  pictured 
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In  KiR.  i®  These  tests  were  performed  at  a  Reynolds  Number  of  1.0B  x  ltr  e 

z 

A  £in»l  phase  of  teste  were  run  at  a  RN  of  m$U  x  10°  in  order  to  increase 
the  values  of  £^»  !a  measured®  This  phase  was  performed  with  the  same  rip 
as  was  used  for  the  preceding  wind  tunnel  tests®  For  all  tests  blowing  air 
was  supplied  by  compressors;  in  phase  III,  two  blowers  were  staged  in  order 
to  boost  the  *  a. 
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Models  for  the  two  dimensional  smoko  tunnel  were  contracted  of  wood 
and  plastic,  the  rear  center  portion  being  hollowed  to  act  an  a  settling 
chamber  for  the  jet.  Base  sections  were  made  for  each  of  the  jet  angles 
tested  (30,  U0,  60,  and  90°),  and  in  each  one  slots  were  milled  at  locations 
from  ,20  to  ,70c.  The  slots  not  in  use  were  taped  with  electrical  tape. 

The  various  flaps  were  attached  to  these  base  sections,  each  flap  adjustable 
from  0  to  SO  degrees.  Air  was  introduced  through  the  l1-”  brass  tube  which 
also  acted  as  a  support  and  axis  of  potation  (Tig,  1), 

The  pressure  distribution  model  was  fitted  with  lt8  pressure  taps  on 
the  upper  and  lover  surfaces,  and  space  was  provided  for  spoiler  locations 
at  ,00c  and  ,60c  ( vig.  7),  The  slot  angle  ''as  vailed  by  screwing  removable 
brass  plates  into  tire  model  into  which  the  proper  angle  slot  was  milled. 

The  blowing  air  was  introduced  through  a  flexible  hose  to  the  center  of  the 
model  as  is  shown  in  ( Fig,  1) 


■'i  •  r:  ;ri  A  i 
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The  parameters  considered  C^*  9  s  o<  |  {3^  ,  O  5 

flap  lypa,  and  x  were  investigated  in  turn  until  the  effect  of  each  on  overall 
spoiler  of fectiveness  could  be  ascertained* 

A  base  plot  of  vs,  CT>»  was  chosen,  primarily  because  both 

the  win"  tip  helix  angle  and  roll in"  moment  coefficient  of  an  airplane  are 
linear  with  i\C\  ,  and  C^a  is  believed  to  be  a  reasonable  indication  of 
blowing  quantity  tor  any  device  which  contributes  momentum  effects.  It 
follows  that  spoiler  efficiency  (or  effectiveness)  can  be  defined  by 


In  general,  angle  of  attack  was  varied  in  increments  of  U°,  other 
parameters  held  constant.  At  each  ,  lift  reductions  were  measured  for 

various  amounts  of  blowing*  In  the  wind  tunnel  testing,  pictures  of  the 
manometer  board  were  taken  for  no  blowing  and  approximately  five  settings  of 
blowing  quantity,  and  the  was  determined  during  data  reduction*  In 

the  smoke  tunnel,  increments  in  lift  were  determined  using  the  slipstream 
deflection  method  described  in  (Ref.  1.3),  ^he  vs.  curve  was 

established  by  setting  the  angle  of  zero  lift  as  the  point  where  the 
stagnation  streamline  remained  horizontal  up  to  the  stagnation  point,  a 
transit  used  to  establish  the  horizontal  reference* 

Trie  errors  involved  in  measuring  ^1  are  of  course  completely  different 
for  smu tew  tunnel,  nud  wind  tunnel  methods*  ‘tomemborin's  tho  small  anqle 
approximn  as  \m'D.  as  the  accuracy  o ^  these  techniques  in  previous  testing 

it  is  r?n  iiuo*,  the  fol  toutm*  tulo.rmujen  ur.ro  uteb  in  the  moa surement  of 
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measure  Tor  any  blowing  dev  Lee.  boundary  layer  effects  in  the*  slot  make  the 
jet  velocity  and  slot  area  difficult  to  measure,  thereby  rankin':  nasa  flow 
difficult  to  evaluate  at  the  model*  'die  procedure  user!  moot  often  in  this 
laboratory  and  was  ’ollowed  in  these  tests  is  bared  upon  an  orifice  plate 
flow  meter  which  can  he  calibrated  to  yield  mass  flow  vs,  pressure  drop 
(  ^  vs.  ^6,  ft  )„  Several  sets  of  Cm's  were  calculated  directly,  and  a 
calibration  curve  of  vs.  established.  The  followin'’  equations  are 

relevant  to  this  procedure. 


c 


UJV; 


Mow  if  Aj  is  assumed  constant,  and  since  "5  and  can  be  evaluated 

independently  from  blowing  conditions, 

fp 


Sr 

Comparisons  of  this  line  with  the  more  exact  computations  indicated  a 
maximum  error  of  23,  Sven  greater  accuracy  was  obtained  by  correcting 
for  change  in  the  effective  slot  area  with  .  The  largest  experimental 

error  expected  occurs  in  the  measurement  of  ^ •  .  In  the  wind  tunnel  model 

a  static  pressure  tan  in  the  slot  and  a  stagnation  pressure  tube  in  the  model 
chamber  were  assumed  sufficient,  although  a  static  pressure  survey  along 
the  slot  is  advised  ror  more  precision,  finally,  a  maximum  error  of  hJ  is 
introduced  by  the  assumption  of  incompressible  flow.  The  error  expected 
in  the  moasimunent  of  C..*  ,  with  these  sources  of  error  in  mind,  is  *  6%a 
The  remaining  parameters  were  measured  with  sufficient  accuracy  to  be 
neglected  bora.  Some  question  as  to  the  moaning  of  spoiler  angle  has  been 
.-.ii sr.d  by  other  nri'k;rs  (boo  dot',  ),  since  momentum  off bets  in  the  absence 
r.,.y  velocity  often  yield  rlidddy  d,i  •'fc.r.-nb  effect.-: v«  i,  angles.. 
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Sjnco  these  ar-tj  siviall,  (on  the  order  o?  +  1  decrees)  sod  he cause  tho 

slot  anirle  la  not.  critical  for  snail  chan-o.';,  the  orientation  is  defined  on 
the  basin  of  «n<?lo  op  ihn  slot  'rails  with  respect  to  th«  chord  line  of  the 
airfoil* 
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VI.  iK'jni.Tti 


The  data  displayed  in  figures  10  to  37  covers  the  three  phages  of 


testing*  which  can  be  broken  down  a 
Phase  Pa  rasters  Parted 

1  eAj  X  j 


follows : 

Tunnel 

TTLap 

snok® 

2.t>xl0^ 

slotted 
!?  n  f- 

■  #  # 

«20c  split 
*?5>c  plain 
,L9o  slotted 
.itije  plain 

II  cK  ^  fag }  & j  %  wind,  1.07*10  »2pc  slotted 

pressure 

distribution 

III  <*,  wind  SbclO6  ,2$c  slotted 

The  smoke  tunnel  pictures  (Pigs*  3  to  5)  are  offered  as  representative 

of  the  flow  picture  with  spoiler  in  operation.  In  particular  the  path  of  the 
jet  and  the  well  defined  separation  point  are  shown.  No  drag  information  is 
presented,  though  ( Ref.  20)  indicates  that  the  jet  spoiler  effects  consider 
able  drag  increases  (  A  <d  on  the  order  of  .1).  From  a  jet  control  view¬ 
point,  this  behavior  produces  favorable  yawing  moments  and  i3  highly  desirable. 
It  is  possible  that  symmetrical  spoiling  will  prove  a  practical  means  of 
controlling  irag.  Application  of  such  a  system  to  dive  braking  and  landing 
roll  braking  should  be  considered. 

Limited  pitching  moment  date  is  contained,  though  it  appears  that  for 
blowing  in  the  vicinity  of  the  raid  chord  point  pitching  moment  effects  aro 
quite  loWo  Intuitively,  pitching  moment  due  to  the  action  of  the  jet 


becomes  rapidly  nose  down  as  the  spoiler  is  moved  farther  to  the  vs»«r  of  this 


points.  Fig.  B9  indicates  slight  nose  down  pitching  moment  increments  with  the 
.  t yu.) . *  lor  a  v  o* 
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particular,,  the  pitrsomo  Otup  aft  of  tiio  npoilor  should  bo  no  tod,  rib  Vu*  1  :u, 
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vii.  L'Tsoif.-isrorr 

3.,  Genera  1 

A  spoiler  is  generally  thought  of  as  some  device  which,  when  projected 
from  the  upper  or  lower  surface  of  a  win1',  changes  the  aerodynamic  forces 
applied  to  it.  The  resulting  breakdown  of  continuous  flow  is  referred  to 
as  swp&v-a  frluti,  an  3  can  be  associated  with  changes  in  circulation  and 
pressure  distribution  about  the  surface.  The  existence  of  the  separated 
region  precludes  the  use  of  the  normal  tools  of  theoretical  analysis  (see 
appendix),  and  it  is  hoped  that  tne  data  herein  presented  will  be  of  value  in 
the  development  of  semi -empirical  approaches  to  the  problem.  During  tbs 
compilation  of  this  data  several  characteristics  of  spoiler  flow,  i.e.  forced 
separation,  were  found  to  act  simultaneously  toward  reduction  in  wing  lift, 
these  are: 

1)  Modification  of  the  pressure  distribution  within  the  separated  region. 

In  Phase  II  of  testing,  pressure' drops  were  observed  aft  of  the  spoiler 
slot.  This  phenomena  tends  to  reduce  the  "response”  of  the  spoiler 
control. 

2)  Direct  affect  on  the  circulation  of  the  wing.  Since  the  jet  supports 

a  well  defined  boundary  (in  effect  a  stagnation  streamline),  the  effective 
thickness  and  camber  of  the  profile  are  severely  modified.  (Admittedly, 
use  at  the  tern  w circulation"  should  be  limited  to  steady,  attached  flow? 

«  *■  y 

but  the  effect  of  forced  separation,  is:  similar  to  that  of  other 
circulation  control  devices) 

3)  Effect  on  induced  flow  through  flap  slots  within  the  separated  region. 

'this  becomes  critical  only  for  low  values  of  C*a  » 

h)  Direct  reaction  of  the  jet  at  the  profile.  !3y  definition*  the  mmsufruut 
reaction  expressed  m>n«diMoru»iotri31y  in  c-iprfl  fro  ^  r-  .. 

(Vpi’P  D'tiT/A  1, 
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Thwncv  r fronts  nm  functions  in  nnp  ‘’orm  or  another  o'*  the  vn ri  on:; 
parameters  studied,  and  cannot  be  considered  an  completely  isolated  phenomena. 
2@  Kffect  of  An^le  of  Attack 

As  ean  be  seen  in  nig,  16  blowing  efficiency,  defined  as  /q^ 

is  greatest  for  high  O jj  ‘a  at  low  ok  ,  an«l  low  C^1  s  at  high  °<  . 

This  is  a  rood  indication  of  the  ease  with  which  the  circulation  about  the 
profile  can  be  altered  at  various  angles  of  attack.  The  E’igure  referred  to  is 
for  a  spoiler  location  %  of  .65.  It  is  important  to  realize  that  these  curves 
can  reverse  themselves  for  another  spoiler  location.  As  wall  be  discussed  in 
the  next  section,  the  optimum  position  for  the  spoiler  is  int.imite.ly  affected 
by  the  angle  of  attack. 

Pigs.  10  ami  11  give  the  effect  of  RN  and  C/.  on  the  basic  lift  curve. 
It  is  significant,  we  feel,  that  the  effective  slope  of  the  lift  curve  is 
affected  by  blowing,  for  in  certain  cases  where  symmetrical  spoilers  might 
be  used  to  increase  the  airplane  drarf,  such  behavior  would  have  an  important 
effect  upon  the  stability.  Once  again,  spoiler  location  will  influence  the 
relative  importance  of  this  parameter. 

Figs.  1?  to  15  ^ive  a  good  indication  of  the  influence  of  angle  of 
attack  on  the  spoiler  effectiveness.  At  high  angles  of  attack,  most  data 
displayed  a  fall  off  in  the  efficiency  o'*  high  blowing  due  to  the  stalling 
of  the  profile.  For  constant  Cja  »  a  fall  off  in  'Cj  of  from  0  to  ,3 
was  observed  while  varying  Oi,  from  0  to  12°. 

It  Is  obvious  that  if  a  jot  spoiler  type  control  is  to  be  designed,  the 
range  of  angle  of  attack  through  which  operation  is  desired  will  influence 
the  choice  of  configuration*  Tho  problem  is  not  no  much  what  a  given  spoiler 
cun  achieve  at  one  angle  of  attack,  but  ‘non  its  efficiency  vav.tey  throughout 
this  >«mgv.v 
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and  0  angle  of  attack.  This  effect  Vms  been  mentioned  by  other  investigates, 
rand  can  be  traced  to  a  greater  lift  increase  due  to  the  pressure  drop  aft  of 


the  spoiler  thaa  lift  reduction  due  to  decay  of  circulation.  It  was  found 
that  this  disturbing  condition  could  be  alleviated  by  sealing  off  the  gap  of 
the  slotted  flan.  (See  Ft  rr_  ?  1 1 .  T  t.  is  believed,  therefore,  that  a  o-nod  nor- 
tion  of  the  pressure  drop  is  due  to  the  induced  flow  through  the  flap  slot 
caused  by  the  spoiler  .Jet,  It  should  be  mentioned  here  that  the  pressure 
aft  of  the  slot  at  all  times  had  a  low  gradient,  obviously  due  to  turbulent 
mixing. 


A  second  critical  region  of  operation  occurs  at  low  angles  of  attack, 
with  the  spoiler  blowing  at  0  *  30°,  x  less  than  »£,  Early  smoke  tunnel 
studies  revealed  that  for  low  C^'S,  the  flow  would  separate  at  the  spoiler 
slot,  but  reattach  before  it  reached  the  trailing  edge.  The  stream  of  high 
energy  air  then  reenergized  the  boundary  layer  and  effected  slight  lift 
increases.  This  effect  was  never  noticed  for  the  spoiler  configuration 
finally  selected  ''or  extensive  study, 

3.  Effect  of  x 

As  has  been  mentioned,  the  .spoiler  chordvise  position  is  of  great 
importance  in  determining  the  overall  operation  o**  the  jet  spoiler,  T7ivs.  1?, 
18,  and  19  indicate  its  effect.  Although  the  optimum  position  moves  forward 
with  angle  of  attack,  a  location  in  the  region  of  ,60  to  ,70  offers  the 
highest  efficiency  throughout  the  angle  of  attack  range  studied.  The  optimum 

position  for  any  o<  is  a  function  of  the  stability  of  the  boundary  layer 

* 

f*1.o nj;  the  chord,  an  observation  that  points  up  mi  important  limitation  of 


thotitt  wiudi.eH*  IP  a  lift  auPuHj'utatitjii  system  iu  iho  iorm  u i  vectored 
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slot  cloawr  to  the  trailing  «d'*e.  Such  a  system  would  be  extremely  responsive 
to  high  angles  of  attack,  and  since  lateral  control  is  definitely  critical 
in  the  VTOL  and  STOL  craft  now  under  study,  further  investigation  into  the 
use  of  the  spoiler  in  a  high  lift  blowing  system  should  be  considered* 

A  second  limitation  upon  these  two  dimensional  test  lies  in  the 
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location  will  be  critically  dependent  upon  the  flow  at  high  angles  of 
attack,  and  it  is  possible  that  a  more  forward  location  will  be  necessary 
to  satisfy  control  requirements  during  takeoff  and  landing* 
il*  Effect  of  © 

As  lias  been  mentioned,  early  smoke  tunnel  studies  showed  that  for  ©  ■ 
30°,  a  small  bubble  appeared  aft  of  the  blowing  slot  for  low  C/*'s  , 
indicating  a  reattachment  of  the  jet  and  a  corresponding  reenergizing  of  the 
boundary  layer.  As  was  increased,  the  "bubble"  elongated  until  the  wing 

stalled  abruptly. 

It  was  decided  to  limit  Investigation  of  ©  to  the  range  of  )i5  to  90 
degrees®  Intuitively,  blowing  at  a  ©  greater  than  90°  will  approach  a 
condition  of  tangenti&l  blowing  on  the  upper  surface,  a  means  of  increasing 
lift,  an!  is  only  of  importance  if  the  spoiler  jet  is  to  be  rotated  to  a 
position  where  lift  increases  are  desired,  as  might  be  the  case  in  a 
differential  control  system. 

Subsequent  smoke  tunnel  studies  proved  that  the  angle  of  the  jet  can 
vary  I rom  to  60  degrees  with  good  results.  An  angle  of  60°  was  decided 


upon  as  offering  the  highest  relative  efficiency  throughout  the  range  of 
tasting.  Although  the  blowing  effectiveness  is  somewhat  lower  than  that  of 
(}  w  )$°  ho  very  low  C ^'s,  above  a  value  of  ®0lj  effectiveness  is  somewhat 
higher..,  (boo  ’rl. f 0  to  Iff)., 
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So  Kffrct  of  Map  Inflection 

Compare'!  to  the  other  parameters  studies,  ^  is  of  secondary 
importance,  Reference  to  Mgs,  2)j  and  ?S  shows  that  the  effects  are  erratic. 


and  often  negligible#  In  most  cases  there  was  a  slight  fall  off  in 
effectiveness  as  the  flay)  an  fie  is  increased,  though  the  effect  at  low  Cjj  « g 


can  be  uiffwiasnL  "rum  Lik±  L  a  l  rill'll 


The  re  i»  au  doubt  the  L  t’itr 


condition  of  the  boundary  layer  on  the  upper  wing  surface  is  affected  by  flap 
deflection,  and  it  can  be  expected  that  some  shift  in  the  optimum  spoiler 
location  along  the  chord  will  be  experienced  in  going  from  a  clean  winy;  to 
full  flap.  This  effect  will  be  magnified  by  any  circulation  control  system 
employed  during  landin'',  i’lthin  the  limits  of  this  report,  however,  the  flap, 
operating  within  a  separated  region  at  moderate  ’  s,  can  be  deflected 

through  considerable  angles  without  seriously  impairing  the  spoiler 
e  ff e  ctiveness , 

6,  Effect  of  Map  Confimratioa 

On  the  basis  of  the  data  represented  by  Mg.  26,  there  is  no  reason  to 
limit  the  applicability  of  the  spoiler  to  specific  flap  types.  For 
slotted,  double  slotted,  and  split  types  there  is  no  large  difference  in 
efficiency.  This  is  '’ortimate  in  that  other  specifications  on  the  landing 
performance  of  the  aircraft  will  no  doubt  dictate  the  type  of  flap  used. 

Due  to  the  high  C<  /  of  some  of  the  new  vectored  slipstream  designs. 


't- 

some  effort  was  directed  toward  determination  of  the  influence  of  flap  chord 
to  wing  chord  on  spoiler  efficiency.  As  can  be  seen  in  Fig,  27,  there  is  a 
rapid  fall  off  in  performance  as  the  flap  chord  is  increased,  and  it  is 
desirable  from  the  standpoint  of  jot  spoiler  control,  to  limit  the 


to 
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7*  Momentum  Contribution  of  the  Spoiler 

As  previously  stated,  the  force  contribution  to  the  profile  due  to  the 
isolated  jet  is  by  definition  equal  to  .  Therefore, 

— A 'Gw* 

The  momentum  contribution  to  pitching  moment  is  then 

A  ~  C|A  ^  © 

where  x  is  the  distance  from  the  slot  to  the  a.c.  of  the  section.  The  values 
for  these  coefficients  are  given  in  Fig.  28. 

8.  Pitching  Moment 

Although  only  limited  studies  were  made  (by  determining  the  centroid  of 

the  pressure  distribution)  it  appears  that  for  spoiler  at  ,65c,  there  is  only 

a  slight  nose  down  (negative)  moment  about  the  a.c.  with  Gym  .  (See  Fig,  29). 

It  is  felt,  however,  that  the  problem  becomes  more  acute  as  the  spoiler  is 

moved  farther  aft,  and  recent  work  on  the  jet  flap  indicates  excessive  moments 

for  trailing  edge  blowing  (Ref.  lla).  Since  for  a  spoiler  these  moments  are 

positive,  there  is  some  position  between  ,65>c  and  the  trailing  edge  where 

moment  increments  will  bn  minimized. 

On  the  basis  of  the  wind  and  smoke  tunnel  tests,  the  prediction  curves 

(Figs.  30  to  33)  were  prepared  for  prediction  of  spoiler  effects  on  an  NACA 

23015  airfoil.  The  critical  region  of  these  curves  can  be  seen  to  be  in 

the  C^a  range  from  0  to  .025,  (It  should  be  remembered  that  this  data  is 

1 

for  unsealed  slotted  flap,  hence  the  slightly  positive  lift  increments  in 
.  p  range).  For  the  highest  Reynolds  Number  tested,  (1,08  x  10), 

considerably  greater  lift  reductions  were  experienced  than  in  the  other  two 
series  of  testa.  The  results  have  been  verified  several  times,  and  it  appears 
that  a  critical  RTJ  might  have  boon  reached  where  the  spoiler  exercises  greater 
fluui-vol.  over  separation  of  i.-bo  flow,..  It  should  be  romnmbnrod  that  tho  FT!  of 
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the  flights  tests  mentioned  in  the  next  section  varies  from  1*2  x  10  to  x 
10^*  The  effect  of  the  largo  KN  on  spoiler  effectiveness  has  nob  yet  been 
ascertained  in  the  wind  tunnel® 

VIII.  Extension  of  Data  to  i’hree  Dimensional  Flow 

Under  the  present  contract  a  model  is  now  under  construction  which  will 

enable  force  tests  to  be  run  on  a  scale  half  panel  of  the  L«*21  wing®  Attention 

will  be  directed  primarily  to  the  optimum  spanuise  location,  and  the  attempt 

will  be  made  to  correlate  2-D  smoke  tunnel  data,  3-D  force  data,  and  flight 

test  data  in  an  effort  to  reach  general  conclusions  as  to  the  possibility  of 

predicting  the  effectiveness  of  ,1ot  spoiler  control  on  arbitrary  plan  forms, 

as  '•fell  as  to  establish  the  value  of  the  system  on  lif'ht  liason  type  aircraft. 

In  an  effort  to  cheek  the  value  of  these  two  dimensional  tests,  a  rough 

calculation  was  made  for  the  rolling  moment  due  to  spoiling  of  the  flow  on 

an  L-21  winr*  In  (Ref,  16}  T.  Sweeney  gives  preliminary  results  for  a 

o 

blowing  system  which  directed  air  at  a  9  of  IS  ,  an  if  of  «7h,  and  this  data 
plotted  in  Fig,  (3ii).  Despite  the  differences  between  tne  two  airfoils, 
agreement  is  satisfactory.  At  the  present  time  a  modified  blowing  system 
is  under  consideration  which  will  enable  higher  *  s  to  be  reached  on  the 

airplane.  It  is  interesting  that  Sweeney* a  data  establishes  the  feasibility 
of  using  ram  air  power  for  emergency  operation,  for  he  found  control  to 
quite  adequate  under  that  condition® 
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IT.  Conclusions  and  Recommendations 

Two  dimensional  tnstn  indicate  that  the  jet  spoiler  has  possible 
application  for  a  variety  of  wing  flap  combinations  as  a  form  of  lateral 
control*  'Jo  critical  ranges  of  operation  were  observed  which  could  not, 
with  careful  design,  be  eliminated.  Some  investigation  into  the  effect 
of  Reynold1  s  number,  as  well  as  the  interaction  between  lift  augmentation 
and  jet  spoiler  systems,  is  recommended. 

The  most  important  parameters  from  the  standpoint  of  designing  a  jet 
spoiler  control  for  a  particular  wing  are  x  and  These  parameters 
interact,  and  their  optimum  values  are  directly  dependent  upon  the  angle  of 
attack  range  through  which  the  spoiler  is  to  be  operated.  The  jet 
spoiler^by  magnifying  aerodynamically  a  purely  momentum  affect^ can  be  a 
powerful  means  of  altering  lift  on  a  wing  utilizing  a  relatively  low  power 
blowing  system. 
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VI  lo  Ana.lv  Ivi  ;al  Problom 

Fluid  if!  nr  rut.  ion  has  Ion"  V*-cn  a  nhononona  iriunpahlo  of  boinff  analysed 
theoretical!!  y  with  any  accuracy.  ^hin  r:an  bn  attributed  to  the  many 
variables  attached  to  any  viscous  flow  over  ;m  air  Toil  .  Some  thought  has 
been  piv'm,  however,  to  the  oossibilitv  of  extend  in"  small  perturbation 
airfoil  theory  to  two  dimensional  airfoils  from  which  is  directed  an 
infinitely  thin  sh^et  hiph  velocity  air* 

Malavard  (in  Ref.  lla)  has  had  ▼ooj*  agreement  between  test  data  for  a 
trailing  ^dtre  11  jet  flap”  and  a  theoretical  analysis  based  upon  a  linearized 
potential  theory.  This  configuration  is  identically  an  inverted  jet 
spoiler  placed  at  the  trailing  ^ 

f  / 


naXavard  finds  the  solution  of  U»--  1  ifl  equation  to  be  of  the  form 


A'Ci-  (Y«V)  +  4*]c&o 


fitch  a  solution  '’ollows  intuitively  'Yom  th^  nature  of  the  flo’-r  picture  about 
th»  eirroil«  Since  the  assumption  is  made  that  thra  .let  is  concentrated  to  a 
thin  sheet,  it  is  in  effect  a  solid  extension  of  the  nrofile,  and  th° 
aerodvnamio  ef:‘ACt,  of  the  spoiler  on  the  circulation  of  the  section  can  be 
separated  from  the  momentum  transfer  within  this  sheet.  The  latter  becomes, 
in  effect,  merely  a  line  of  velocity  discontinuities* 

boivi’i ;  tin;  poleul.iul  harmonic  function  ny  an  rlectrical  analogy. 


"•ilavard  f inds 


c 


(4d 


4  y. 


TE 


not/  .ut j -id  n:'  inn  id  ov  at  the  trail,  i.i  nd 


! . 1  - 1  ■  L-'l-!v  ■  /  i  !■' ;  C!!!"vm  OMi  .niunr  i  l'ia  l/'U.  XV j  }  Vj  f 


Jj^  corresponding  to  the 
'lo^pculij  ■  hi s  nrudic  id  on  to 

f-"3  *  h“v* 

thij  Veilin’ 


.  '  f, 


ror  the  constant  6»  in  the  ease  eit-d  beiny  1.9«  ' lthou'di  this  result,  is 

55 trie  Lei  1  to  .small  anrles  of  attack  and  particularly  to  a  trailin’'  odfre  jet, 
it  is  int->ivvitine  to  not«  ’’ip,  13  i-rhere  AfC|  is  linear  with  \|  C^,.  for 
a  plain  vri-v*.  On  the  basis  of  this  data,  it  is  felt  that  an  equation  of 
the  form 

-xr  .r»^E  J"?~ 


C>}J  02  «-‘Cona!Voirrrb 


represents  these  ourv<-  s  for  spoiler  locations  aft  of  thr>  mid-chord  point* 

The  major  difficulty  with  t  ds  qenrraliflation  appears  at  low  CTj4 '  s,  for  the 
linearisation  does  not  hold  in.  this  region.  The  alternative  is  to  adjust 
the  equation  to  the  point  of  intersection  with  the  >  axis.  Then, 

AG,  -  [b,  +  By*1]  \lqf  Acv. 

Trhere  AC lm  is  a  fimction  of  cK  and  r^or^sent  this  intersection  (valid 
only  for  ^^,01  , )  This  equation  is  Iv'lpftil  only  from  the  standpoint 
of  indicating  a  possible  form  o'*  the  solution,  based  entirely  on  experimental 
work. 


As  ni^ht  he  nxoncted,  the  prediction  of  jet  spoiler  effectiveness  at 
stations  forward  of  tne  trailing  efu’e  is  much  more  complicated  than  the  ease 
treated  by  "alavard,  due  to  the  ex intonC”  of  a  region  of  "o-viration,  The 
only  approach  which  appears  at  thin  time  to  have  merit  considers  the  flow 
near  the  jet  to  act  as  a  free  streamline  on  t!v»  upper  surface  of  a  ire-ion 
of  “dead  air"  at  free  stream  static  nressnre,  The  lower  boundary  is  also  a 
free  streamline  from  the  trailin'1,  ed'?e. 

f, 

f-  J 


I  ' 


\A 


T\  , 


r.  'r'l  :’"T7  1  \J< 


23. 


:vnov.’irv'  t-mt  the  curvature 
across  it,  and  lineariv  Lny 
one  is  able  to  connoct  the 
derivative. 


of'  t; /'  ;j"t  Li.',  determined  by  the  pressure  differential 
the  ’’low  bv  limitin'1,  it  to  small  perturbations, 
potential  a Ion  *  the  uoper  surface  of  tie  jet  to  its 


(p-  (py  c  +•  0(y)  4> 


’?his  establishes  only  a  portion  of  the  bounlary  of  the  flow*  Although  the 
detailed  calculations  have  not  been  carried  out  at  this  tine,  it  anoears  that 
it  ~i  •h+  he  possible  to  establish  sufficient  boon  lary  coalitions  for  an 
electrical  analo  pv,  The  "ia  ior  arnroximation,  that  of  t  ‘e  existence  of  free 
street  static  pressure  within  th"4  area  hounded  by  free  streanli'^os ,  is 
considerably  in  error  as  actual'”  this  oressure  is  r>tuch  lo-rer.  ^his  fact, 
together  with  other  assunotions,  rould  >robably  limit  the  use  of.  the  results 
of  such  a  calculation,  and  it-  is  Olt  that  exoerimental  verification  would 
still  remain  necessary  before  adaption  of  the  jet  spoiler  to  a  particular 
liftin’  surface  could  be  considered. 
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